A total of 39 water samples from 23 different groundwater wells in Korea were collected and analyzed in order to monitor the occurrence of norovirus (NoV) and other indicator microbes as the first part of a national survey of groundwater. More than 500 L of untreated groundwater were filtered through 1MDS filters. Following elution and concentration by organic flocculation, PCR and sequence analysis were employed to detect and identify NoV, enterovirus, rotavirus, hepatitis A virus and adenovirus (Adv). Somatic and F-specific phages, heterotrophic bacteria, total coliforms and Escherichia coli were also analyzed to infer possible fecal contamination. NoVs were detected in 18% of the 39 samples. Five out of seven NoV-positive samples (71%) were identified as GI while the other two (29%) were GII. Enteroviruses and Advs were detected in two and three samples, respectively. Rotavirus and hepatitis A virus were not detected. Total coliforms, E. coli and coliphages were detected in 49, 15 and 13% of the samples, respectively, but did not appear to be suitable indicators of enteric virus contamination in groundwater. These results suggest that additional treatment may be needed for a significant number of groundwaters prior to use as drinking water.
INTRODUCTION
There are more than 140 enteric viruses identified from human feces (Leclerc et 
MATERIALS AND METHODS

Sample collection
Twenty sampling sites were initially chosen to investigate NoV occurrence in South Korean groundwater but three more sites were added later in order to adjust the 
Physicochemical parameters
The physicochemical parameters of groundwater samples were measured on site. Temperature ( W C), conductivity (μS), pH, turbidity (NTU) and residual chlorine (ppm)
were measured by using an Orion 4-star pH/conductivity meter (Thermo Fisher Scientific, Waltham, MA) and a chloridometer (Hanna Instruments, Italy).
Bacteriological analyses
Bacteriological analyses were performed according to the 
Virus concentration and nucleic acids extraction
The conventional adsorption-elution method was employed to concentrate virus particles present in the water samples based on the Guide for Norovirus Detection in Groundwater (Korea National Institute of Environmental Research ).
Briefly, potential virus in the water samples was collected by passing at least 500 L of untreated groundwater through a 1MDS filter (CUNO, Meriden, CT) at a flow rate of 10 L per minute. The filters were transported back to the laboratory at 4 W C and processed within 72 h after completion of sample collection. The filters were eluted by submerging in 1.5% beef extract (BD Biosciences, San Jose, CA), containing 0.05 M glycine (pH 9.5), for 2-3 min in the filter housing, and the eluate transferred to a sterile 2-L beaker.
After the elution process with the beef extract was repeated, the pH of eluate was adjusted to 7.0-7.5 by using 1 M HCl.
The elution solution was gradually adjusted to pH 3.5 and stirred for 30 min. Then the eluate was centrifuged at 2,500 × g for 15 min at 4 W C, and the pellet was resuspended in 30 mL of 0.15 M Na 2 HPO 4 buffer (pH 9.0-9.5). The Sequence information for each virus-specific primer is described in and specificity, a second-round PCR was performed. Two microliters of the first-round PCR product was added to 18 μL of reaction mixture, which contained 10 pmol of each virus-specific semi-nested primer (Table 1 ). The PCR conditions were identical to those of the first-round amplification.
For NoV, one-step RT-PCR reaction was performed by using Reverse-iT™ hot-start kit (ABgene, Rockford, IL) as described in the Guide for Detection of Norovirus in Groundwater (Korea National Institute of Environmental
Research ) with minor modifications. In brief, five microliters of RNA extract was mixed with 20 μL of RT-PCR pre-mix, containing 50 pmol of each GI-F1M (or GII-F1M) and GI-R1M (or GII-R1M) primer pair ( PCR, two microliters of the first-round PCR product was added to 18 μL of the second-round PCR mixture, which contained 20 pmol of each GI-F2 (or GII-F3M) and GIR1M (or GII-R1M) primer pair ( Table 1 ). The PCR condition was identical to that of the first-round but with 25 cycles for amplification.
To avoid false-positive results due to crosscontamination of the first-round PCR product, quality control measures were taken throughout the PCR experiments as recommended (Kowk & Higuchi ) . In short, one each of nucleic acids-free reagent control and negative control (without viral nucleic acid) were included in each amplification reaction. The product of the negative control of the first-round PCR was also included in the following Amplified products of the PCR were analyzed by electrophoresis on 2% agarose gels and visualized by ethidium bromide staining. Virus-positive results were determined by comparing with known band sizes of the semi-nested PCR (Table 1) , and confirmed by sequencing analysis.
Sequences and phylogenetic analyses
NoV and enteric virus positive PCR products were purified with a RBC hiyield Gel/PCR DNA fragments extraction kit 
RESULTS
Detection of NoV and other enteric viruses in groundwater samples
Owing to the lack of available current methods to identify NoV infectious virions, the 39 final concentrated groundwater samples were analyzed for NoV by RT-PCR assay ( 
EU814451) was detected in two samples (29%).
The GII samples were collected from the same sampling site but in different seasons.
In addition to the NoV analyses, the 39 groundwater samples were also examined for EV, HAV, RoV and Adv.
EV-specific RNA sequence was detected in two samples (5%), one of which was identified as human coxsackievirus A1 (Accession No. AY603032) and the other as human poliovirus type 1 (Accession No. AM774341). In addition, these two samples were also shown to be positive for NoV GII and male-specific coliphage (Table 2) . Adv-specific nucleic acid sequence was detected in three samples (8%) and they were all identified as Adv subgroup 2 based on the sequencing results of the PCR products (Accession No. 
Detection of indicator bacteria in groundwater
The number of heterotrophic bacteria (total colony count), and the presence of total coliform bacteria and E. coli, were measured to determine if the groundwater samples meet the drinking water standards of Korea (Table 2) .
Twelve of 39 water samples (31%) exceeded the standard for total colony counts of 100 cfu/mL. Total colony counts in samples not meeting the standards ranged from 106 to 912 cfu/mL, with nine having counts over 200 cfu/mL. Nineteen groundwater samples (49%) were determined to be positive for the presence of total 
Detection of coliphages in groundwater
In an attempt to see whether the presence of coliphages can be an additional indicator for fecal contamination in the groundwater, the amount of somatic coliphages and malespecific coliphages were determined by plaque assay as described in Materials and Methods. Six out of 39 samples were contaminated with these coliphages (15%), with two samples having both somatic and male-specific coliphages (Table 2) . It should be noted that these two samples, JI-a and JI-a-1, independently collected from the same site in two different seasons, were also contaminated with NoV GII and EV (Table 2) .
Basic physicochemical and other characteristics
The physicochemical parameters (temperature, pH, turbidity, conductivity and free chlorine) were measured on sites for all 39 groundwater samples according to the National Institute of Environmental Research guidelines as described in Materials and Methods (Table 3 ). The arithmetical mean and standard deviation of each parameter were: 17.4 ± 1.5 and 16.0 ± 1.6 for temperature ( W C), 6.8 ± 0.6 and 6.9 ± 0.5 for pH, 2.7 ± 5.7 and 5.2 ± 11.9 for turbidity (NTU), and 359 ± 512 and 266 ± 116 for conductivity (μS) in the samples from the wet and dry seasons, respectively. In addition to high viral and bacterial contamination, the JI-a and JI-a-1 samples had significantly higher levels of turbidity and conductivity than the other 
Implication of the presence of coliphages
Somatic and male-specific coliphages, which are bacterial In this study, more than one type of coliphage was identified in 15% of the samples and 22% of the sites, but only 33.3%
of the coliphage-positive samples and 4% (one) of the sites were associated with the presence of human enteric viruses (Table 2 ). These results suggest that neither of the coliphages was able to predict the presence of human enteric viruses in the groundwater samples analyzed in this study. However, there was co-occurrence of E. coli with somatic coliphage in four of five somatic coliphage-positive samples, but only one out of three male-specific coliphage-positive samples (Table 2) . Therefore, although the number of samples analyzed here may not be sufficient to have a statistical association, the co-occurrence of E. coli and somatic coliphage seems to indicate possible fecal contamination as has been reported (Leclerc et al. ) .
In conclusion, we found that a significant portion (25%) of the groundwater wells we monitored in this study was 
